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Plant-soil feedbacks (PSFs) have become a commonly invoked mechanism of plant
coexistence and abundance. Yet, most PSF experiments have been performed in
greenhouse conditions. To test whether or not greenhouse-measured PSF values are
of similar magnitude and positively correlated with field-measured PSFs, we compared
PSF values from five different studies that measured PSF values in both greenhouse and
field conditions. For 36 plant species, greenhouse-measured PSF values were larger than
and not positively correlated with field-measured PSF values. Similarly, these 36 species
produced 269 soil-specific PSF values, and for each site there was no positive correlation
between these greenhouse- and field-measured PSF values. While PSFs were observed
in both greenhouse and field conditions, results provided no support at the soil, site or
species level that a positive correlation exists between greenhouse- and field-measured
PSF. Further, greenhouse-measured PSF appear to overestimate field-measured PSF.
Although from five studies, results strongly suggest that field experiments are needed to
understand the role of PSFs in plant communities in natural settings.
Keywords: plant-soil feedback, environmental factors,
environment, field experiment, greenhouse experiment
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Plant-soil feedbacks (PSFs) are increasingly used to explain plant community dynamics
including succession, invasion, legacy effects, landscape abundance, coexistence, and biodiversity
(Klironomos, 2002; Kardol et al., 2006; van der Putten et al., 2013). However, PSF research
continues to rely mostly on greenhouse experiments (Figure 1). Greenhouse PSF studies are useful
for developing conceptual models of plant community dynamics (Bever et al., 1997; Bonanomi
et al., 2005; Aguilera, 2011), however, it remains largely untested whether or not PSFs measured
in the greenhouse are correlated with PSFs measured in the field (Kulmatiski and Kardol, 2008;
Schittko et al., 2016).
Plants can alter soil biota, and these changes in soil biota may subsequently affect
their own growth and the growth of neighboring plants (Reynolds et al., 2003; Ehrenfeld
et al., 2005). PSFs are typically investigated by testing a plant’s growth response to soils
cultivated by different plant species (Bever, 1994). Many approaches have been used to
test PSF effects (Kulmatiski and Kardol, 2008) including unsterilized vs. sterilized soils,
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with small amounts of live soil; this likely creates soil conditions
favoring fast-growing microbes and fast-growing plant species
(Eno and Popenoe, 1964; De Deyn et al., 2004; Howard et al.,
2017). Frequent fertilization and watering can cause arbuscular
mycorrhizal fungi to become parasitic as conditions change from
low to high fertilization regimes, and dry to wet water regimes
(Johnson et al., 2003; Schmidt et al., 2011). This could cause
PSF to appear neutral or positive in dry field conditions, and
negative or neutral in a greenhouse with a consistent water
regime (Mohan et al., 2014). Large soil organisms are typically
absent in greenhouses which would affect plant-soil interactions
(Kutáková et al., 2018), such as below-ground herbivory (Hol
et al., 2010; Bezemer et al., 2013). More broadly, stressful
conditions found in field studies may induce greater facilitation
and a more positive PSF in the field (Maestre et al., 2009). These
differences have led several authors to recommend greater field
experimentation (Kulmatiski and Kardol, 2008; Heinze et al.,
2016; Schittko et al., 2016).
Here, our goal was to test whether or not greenhousemeasured PSFs are of a similar magnitude and positively
correlated with field-measured PSFs. We predicted that
greenhouse- and field-measured PSF would be positively
correlated because we expected that plants have a dominant
effect on soil microbial community composition and subsequent
PSF; these effects should be similar in both settings due to
similar plant species and soil microbial communities. A negative
correlation or a lack of correlation between greenhouse- and
field-measured PSF suggests that greenhouse conditions change
plant-soil interactions in ways that reverse or change PSF
values. To test this prediction, we compared greenhouse- and
field-measured PSF values from published studies and publicly
available datasets. To assess whether PSF is overestimated in
greenhouse or field conditions, we compared the magnitude of
PSF values (regardless of sign) by taking the absolute values of
greenhouse- and field-measured PSF.

FIGURE 1 | A Scopus search performed on March 18, 2019 for “plant-soil
feedback” OR “plant-soil feedbacks” in abstract, title, or keyword of published
articles from 1995 to 2018 demonstrated an exponential increase in PSF
research over the past 20 years. Dark gray indicates greenhouse studies and
gray indicates field studies.

comparisons among different field soil inoculum into sterilized
soils, microbial filtrate inoculations, and two-phase experiments
in which soil types are cultivated during an experiment. The
two-phase approach remains a standard approach (Bever et al.,
1997; van der Putten et al., 2013). In a two-phase experiment,
during the conditioning phase of the bioassay (Phase 1), plants
are used to create a soil with biota specific to that species. In
the response phase (Phase 2), phytometers are planted to test the
growth response of a species to the altered soil biota. Growth
of the Phase 2 species on soil previously conditioned by the
same plant (“home”) is compared to growth on soil previously
conditioned by a different plant (“away”). By using soil from
Phase 1 to inoculate sterilized soils, this approach can isolate
microbial from soil chemical (Ehrenfeld et al., 2005; Morris et al.,
2009; Ke et al., 2015) and physical (Kyle, 2005; Kulmatiski et al.,
2017) effects.
PSF studies are typically executed in the greenhouse for several
reasons. Greenhouse studies allow for many isolated replicates
and can be performed throughout the year in rapid growth
conditions. Because it is relatively easy to sterilize greenhouse
soils, greenhouse studies more easily control legacy effects and
separate soil nutrient effects from soil microbial effects, relative
to field studies. However, completely isolating microbial from
nutrient PSF may be unrealistic (Kulmatiski and Kardol, 2008;
Ke et al., 2015). Greenhouse studies also lack microsite variability
which can increase the likelihood of detecting PSFs in the
greenhouse (Burns et al., 2015; Rinella and Reinhart, 2017).
Abiotic and biotic conditions can be very different between
the greenhouse and the field (Heinze et al., 2016; Schittko et al.,
2016). Greenhouse soils are typically sterilized and inoculated
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METHODS
A Scopus search for PSF studies with the term “plant-soil
feedback” or “plant-soil feedbacks” in the title, abstract, or
keywords was performed on March 19, 2019. Of the resulting
515 studies, meta-analyses, modeling papers, reviews, and nonEnglish studies were removed. The remaining studies were
reviewed to identify studies containing (1) a home/away PSF
method (Brinkman et al., 2010), (2) aboveground biomass or
cover as the response variable, and (3) grasslands as the study
ecosystem (Burns et al., 2017; Teste et al., 2017), which left 297
studies. Species from grassland ecosystems were selected as the
focal organisms because most PSF research has been conducted
in grassland ecosystems, so sufficient sample sizes from nongrassland ecosystems were unlikely (Kulmatiski et al., 2008; van
der Putten et al., 2013). Of these 297 studies, 237 occurred in
the greenhouse, 50 in the field, seven in mesocosms, and three
included both greenhouse and field approaches. Of these three
studies, data was collected from two, but one possible study did
not respond to requests for data. An additional three datasets
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Greenhouse Experiments

produced by the authors, which are publicly available at the USU
Digital Commons, were also included.
The resulting dataset contained paired greenhouse-measured
and field-measured PSF values for 36 species derived from 2,975
field observations and 2,907 greenhouse observations at five
different study sites. We used the paired dataset to (1) calculate
PSF values using a single method for all data, (2) test for
correlations between greenhouse- and field-measured PSF, and
(3) compare PSF values and PSF magnitudes (absolute values)
between greenhouse- and field-measured PSF.

The experiments at Cedar Creek, Jena, and Winthrop
implemented a cultivated two-phase approach (Rinella and
Reinhart, 2018). The experiments at Berlin and Potsdam
collected conditioning soils from underneath monotypic stands
in the field (Kulmatiski and Kardol, 2008) (Table 1).
For Phase 1, the Cedar Creek greenhouse experiment steamsterilized a six-to-one mixture of sand and sphagnum peat
inoculated with ten percent field soil. The prepared 1-L pots
were planted and grown for a 6-months Phase 1. The Jena
greenhouse experiment inoculated a three-to-one mixture of
compost and sand with ten percent field soil. The prepared
1-L pots were planted and grown for an 8-months Phase
1. The Winthrop greenhouse experiment steam-sterilized a
six-to-one mixture of coarse sand and sphagnum peat and
inoculated with five percent field soil. The prepared 1-L pots
were planted and grown for a 3-months Phase 1. At the end
of Phase 1, plants were removed by hand-clipping; 2,282 pots
at Cedar Creek, 239 pots at Jena, and 216 pots at Winthrop
had growth.
For Phase 1, the greenhouse experiment at Potsdam collected
field soil from underneath three different species’ monotypic
stands and filled 90 0.41-L pots with 100% field soil (Heinze
et al., 2016). In Berlin, Schittko et al. (2016) collected field soil
from underneath eight different species’ monotypic stands. The
soil for the “away” treatment was mixed, where the soil for the
“home” treatment was not mixed. A steam-sterilized sandy loam
soil was inoculated with 23% “home” or “away” soils collected in
the field and used to fill 240 pots, 80 of which were retained for
the greenhouse experiment.
For the greenhouse experiment at Cedar Creek, the Phase 2
length was 6 months; at Jena 3 months; at Winthrop, 3 months; at
Potsdam two and one-third months; and at Berlin 4 months. Pots
were clipped and aboveground biomass weighed for all species at
the end of Phase 2 (Table 1).

Study Sites
Of the five study sites included, three were from Europe (Berlin,
Potsdam, and Jena in Germany) and two were from North
America (Winthrop, Washington and Cedar Creek, Minnesota
in the United States). At all sites, the focal species selected were
abundant in local plant communities. Four species were common
among at least two study sites (Supplementary Material).
All five studies compared phytometer growth responses to
“home” and “away” conditioned soil (Bever, 1994). When more
than two species are used in a PSF experiment, this comparison
can be undertaken by mixing all conditioned “away” soils
together to create a single “away” treatment. This approach was
used in the Berlin study; it eliminates site-by-site variation in
soil microbes (Reinhart and Rinella, 2016; Rinella and Reinhart,
2017), and can be useful when the research question is not
focused on spatial variability (Cahill et al., 2017; Gundale
et al., 2017). Alternately, phytometer responses can be measured
on each “away” soil creating a species∗ soil-level design. This
approach was used in the studies at Cedar Creek, Jena, Potsdam,
and Winthrop. Data from species∗ soil-level PSF experiments
were converted to species-level PSF values by averaging a species’
growth across “away” soil types.

TABLE 1 | Methods for the paired greenhouse and field experiments.
Berlin

Cedar Creek

Jena

Potsdam

Winthrop

Field plot size

1.4-L pots except for
Cichorium intybus and
Medicago × varia,
which were in 3.1-L
pots

0.75/0.35 m

0.75/0.35 m

0.4/0.4 m

1.5/1.5 m

Greenhouse pot
size

1.4-L and 3.1-L (see
above)

1-L

1-L

0.41-L

1-L

Phase 1 Type

Inoculum

Cultivated

Cultivated

Inoculum

Cultivated

Greenhouse live
soil rate

23%

10%

10%

100%

5%

Greenhouse
experiment length

4-months Phase 2

6-months Phase 1 and
6-months Phase 2

8-months Phase 1 and
3-months Phase 2

Two and one-third
months Phase 2

3-months Phase 1 and
3-months Phase 2

Field experiment
Length

0.5 months spent in the
field out of a 4-months
experiment

24-months Phase 1
and 24-months Phase
2

24-months Phase 1
and 24-months Phase
2

2.5-months Phase 2

48-months Phase 1,
32-months Phase 2

Greenhouse N

80

2,282

239

90

216

Field N

160

2,066

345

89

315
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Field Experiments

where the Phase 1 or the Phase 2 realized no growth were
removed from the dataset. To prepare the data from species∗ soillevel PSF studies for a species-level analysis, one PSF value was
calculated for each “away” species by taking the mean PSF value
for each species across soil types.
To determine if the mean PSF value for each experiment was
different from zero, we took the standard error of the mean.
For data from species-level PSF studies, one home vs. away PSF
was calculated for each species. For species-level PSF values, we
used linear models to test for a correlation between greenhouseand field-measured PSF within each study site and overall. For
species∗ soil-level PSF values, we used linear models to test for a
correlation between greenhouse- and field-measured PSF within
each study site only, to control for the outsized effect of Cedar
Creek’s data on the overall dataset. Linear models were performed
using the polyfit and fitlm scripts in MATLAB (The MathWorks
Inc., 2015). Residuals for the species-level data were checked for
normality using the Shapiro-Wilk test.

At Cedar Creek and Jena, the field site area was sprayed with
glyphosate and disked. Experimental plots (0.35/0.75 m) were
established with 0.75 mm thick HDPE root barrier inserted to
35 cm deep between each plot. For Phase 1 at Cedar Creek,
ten grams of pure live seed per m2 was applied to each of the
plots. At Jena, 2,000 total pure live seeds per m2 were applied to
each of the plots. After a 2-years Phase 1, the area was sprayed
with glyphosate and hand-tilled using a garden claw. Non-target
species were removed by hand-weeding. At Cedar Creek, plots
containing C3 grasses and forbs were hand-tilled using a garden
claw, but vigorous root growth in the C4 grasses necessitated
tilling using a miniature tiller on plots containing that functional
group. Seed was re-applied at the same respective rates. After a
2-years Phase 2, aboveground biomass was clipped, dried and
weighed; 2,066 Cedar Creek plots and 345 Jena plots had growth.
At Winthrop, the top 10 cm of vegetation and soil was
removed (Kulmatiski, 2019). A one-to-one mix of native soil
inoculum and sand was applied to the prepared site, and disked
to 15 cm to homogenize. A grid of 1.2 m wide geotextile cloth was
laid down to create 315 1.5/1.5 m PSF plots in the area. Ten grams
of pure live seed per m2 was applied to each plot, and allowed to
grow for a 4-years Phase 1. After 4 years, Phase 1 plants were
sprayed with glyphosate. Seed was re-applied for Phase 2 and
plots were allowed to grow for 3 years. Growth was estimated
using percent cover in June 2013.
At Potsdam, 30 (0.4/0.4 m) plots were prepared by cutting
the first 25 cm of roots under three different monotypic stands
to create three Phase 1 treatments (Heinze et al., 2016). Three
individuals of each species were planted in each plot. Individuals
were spaced 10 cm apart and allowed to grow for 10 weeks.
After the 10 weeks, aboveground biomass was harvested, and 89
individuals had growth.
At Berlin, at week 14 of the greenhouse experiment, 160 pots
were transferred to the field and left to sit on top of the soil
for a period of 2 weeks (Schittko et al., 2016). After 2 weeks,
the aboveground biomass was harvested. Extended methods
for Cedar Creek and Jena are in Supplementary Material;
for Potsdam, Winthrop, and Berlin extended methods are
in Heinze et al. (2016), Kulmatiski et al. (2011, 2017), and
Schittko et al. (2016).

Comparisons
To compare PSF values and PSF magnitudes (absolute values)
among study sites and regions, we performed a one-way analysis
of variance (ANOVA) using the script anova1 in MATLAB.
Significance was evaluated at α = 0.05. When significant,
differences were explored with a Tukey’s Honest Significant
Difference test in MATLAB using the script multcompare.

RESULTS
From species-level data, 36 paired PSF values were compared. Of
these 36 values, eight came from the mixed-soil PSF experiment
at Berlin, and the remainder from species∗ soil-level studies where
the mean PSF value across all soil types was calculated to create
a single PSF value per plant species: 16 PSF values came from
Cedar Creek, five from Jena, three from Potsdam, and four
from Winthrop. Greenhouse PSF values were positive in Berlin
and Potsdam, and neutral in Jena, Winthrop, and Cedar Creek
(Figure 2A). Field PSFs were positive in Berlin and Winthrop,
neutral in Jena and Potsdam, and negative in Cedar Creek
(Figure 2A). For the species-level greenhouse-measured data the
average PSF was 0.046 and the coefficient of variance was 5.14;
for the field-measured data the average PSF was −0.008 and the
coefficient of variance was 24.01.
A total of 269 PSF values from species∗ soil-level
field/greenhouse paired experiments were compared. Of
these values, 239 came from the Cedar Creek study, 20 from
the Jena study, six from the Potsdam study, and four from the
Winthrop study. PSF values for Berlin were excluded from the
species∗ soil-level dataset because the study was not species∗ soillevel in design. Greenhouse PSF values were positive in Potsdam
and Jena, and neutral in Winthrop and Cedar Creek (Figure 2B).
Field PSF values were positive in Winthrop, neutral in Jena
and Potsdam, and negative in Cedar Creek (Figure 2B). For
the species∗ soil-level greenhouse-measured data the average
PSF was −0.007 and the coefficient of variance was 50.59; for
the field-measured data the average PSF was −0.064 and the
coefficient of variance was 4.81.

Statistical Analyses
To avoid bias from different calculation methods, original plant
growth data on “home” and “away” soils was used to calculate
PSF values using a single method for all data (Brinkman et al.,
2010). PSFs were calculated as (H-A)/maximum (H,A), where H
is the aboveground growth (ground cover or biomass) produced
by a species in Phase 2 on “home” soils, and A is the aboveground
growth produced by a species in Phase 2 on “away” soils.
The denominator refers to the maximum aboveground growth
produced by a species regardless of soil type. This calculation has
similar mathematical properties to the commonly used ln(H/A)
metric (i.e., values that are symmetric around zero and bounded
between +1 and −1). In addition, it has the advantage of being
easily interpretable as the proportion increase or decrease in
growth due to soil type (Brinkman et al., 2010). Plots or pots
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FIGURE 2 | Average greenhouse- and field-measured species-level (A) and species*soil-level (B) PSF values (mean ± SE). Gray indicates greenhouse studies and
white indicates field studies.

greenhouse-measured PSFs that predominate in the literature
both overestimate and provide little direct inference into PSF
effects in the field. Although our dataset is derived from only five
sites, our results strongly suggest that PSFs are sensitive to growth
conditions (Casper et al., 2008). Consequently, field experiments
are likely to be needed to fully understand the role of PSFs in
natural systems.
There are several potential reasons that could explain why
PSF values were smaller in the field than in the greenhouse.
More stressful growing conditions (for example, competition,
drought, or herbivory) may minimize PSF effects (van der Putten
et al., 2016; Crawford and Knight, 2017; Fry et al., 2018).
Although researchers in all five field experiments attempted
to decrease competitive effects by hand-weeding, it is likely
that competitive pressure was still greater in the field than
greenhouse experiments due to the larger seed bank in
unsterilized field soils (Lekberg et al., 2018). Similarly, greater
aboveground herbivory in the field was likely to decrease
PSF values directly by removing aboveground biomass and
potentially indirectly by inducing increased belowground growth
(Heinze and Joshi, 2018). Drought in the field may also
decrease PSF values by decreasing plant growth, microbial
growth, and nutrient cycling rates (van der Putten et al.,
2016). With only five studies and many potential factors
affecting differences between greenhouse and field results,
it was not possible to test these hypotheses, but they are
consistent with our observation of larger PSF values in
the greenhouse.
Methodological differences were likely to explain why there
was no positive correlation between field and greenhouse
PSF values, though we were unable to isolate any specific
methodological difference that would explain our results.
Compared to the field, growing space is restricted, experiment
length is shorter, and dominant soil microbes differ in the
greenhouse. Excepting Berlin, greenhouse pots were smaller than
field plots. Yet, we did not observe a qualitatively different

We tested for correlations in species-level data both within
and among sites. For species∗ soil-level data we tested within
but not among sites because 86% of species-level data was from
one site. For species-level data, there was no correlation between
greenhouse- and field-measured PSF values across all study sites
(F 1,34 = 0.179, P = 0.675, Figure 3A). Similarly, there was no
correlation between greenhouse- and field-measured PSF values
within study sites (P > 0.05, Figure 3A). For the species∗ soil-level
PSFs, there was no correlation between greenhouse- and fieldmeasured PSF values at the Cedar Creek, Jena, and Winthrop
sites (F 1,237 = 0.001, P = 0.972; F 1,18 = 0.003, P = 0.959;
and F 1,2 = 0.039, P = 0.801; respectively; Figure 3B). There
was a negative correlation between greenhouse- and fieldmeasured data from the Potsdam site (F 1,4 = 10.129, P = 0.034,
R2 = 0.717; Figure 3B).
We tested for differences in magnitude (absolute value) for
species-level data only because of the strong effects Cedar
Creek had on species∗ soil-level data. While there were few
correlations between greenhouse- and field-measured PSF values,
there were differences between the magnitude of greenhouse- and
field-measured PSF values, indicating that PSF (either positive
or negative) were larger in greenhouse than field conditions
(F 1,70 = 5.056, P = 0.028).

DISCUSSION
Although PSFs are commonly invoked as a mechanism to explain
complex plant community dynamics in the field, the majority of
PSF experiments take place in controlled greenhouse conditions.
We had predicted that greenhouse- and field-measured PSF
would be positively correlated due to the dominant effects
of plants on their soil microbial communities, but found no
evidence to suggest that greenhouse-measured PSF data are
positively correlated with field-measured PSF. We also found
greenhouse-measured PSF values were exaggerated relative to
field-measured PSF values. Together, results suggest that the
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FIGURE 3 | Greenhouse- vs. field-measured species-level (A) and species*soil-level (B) PSF values from five study sites. Yellow, Berlin; blue, Cedar Creek; orange,
Jena; gray, Potsdam; green, Winthrop; black is a best-fit line for all study sites. Though only significant for the Potsdam species*soil-level data, best-fit regression lines
are shown for each site to demonstrate that slopes were close to zero.

relationship between greenhouse and field PSF values at Berlin.
The Winthrop site had the largest difference between field plot
and greenhouse pot size, yet PSF values were not notably different
from other sites.
Differences in temporal scales among sites similarly did
not appear to drive our results. PSFs have been suggested to
accumulate over time (Kardol et al., 2006; Kulmatiski et al.,
2008; Diez et al., 2010; Lepinay et al., 2018), but Potsdam,
which had similar greenhouse and field experiment lengths,
did not have a positive correlation between greenhouse- and
field-measured PSF. Sterilized soils, which were used at three
of the five reviewed experiments, often have higher nutrient
availability and promote faster plant growth, changing PSF
values and soil microbial communities that drive PSF (De
Deyn et al., 2004). However, sites using sterilized soils and
sites using unsterilized soils both had uncorrelated PSF values.
Little can be inferred from the five studies reviewed, but
results did not provide strong evidence to suggest that pot
size, experiment length, or sterilization technique provided a
strong explanation for the difference between greenhouse and
field results.
The only correlation observed between greenhouse- and fieldmeasured PSF, was a negative correlation at the Potsdam site.
This site was the only site to use 100% field soil in the greenhouse
experiment. It is possible that a negative correlation occurred
because under decreasing light conditions PSF can be reversed
(Smith and Reynolds, 2015), but it is not clear why this effect
would only appear when 100% field soils were used. To the
contrary, we would have expected that the use of 100% field soil
would produce more similar results to the field.
Although our results and results from previous studies suggest
that PSF values are very context-dependent (Casper and Castelli,
2007), the PSF concept remains relevant to plant community
ecology. Greenhouse-measured PSFs have been found to improve
predictions of plant growth in communities in the greenhouse
(Kulmatiski et al., 2011, 2017) and field-measured PSFs have been
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found to improve predictions of plant growth in communities in
the field (Klironomos, 2002; Kardol et al., 2006; Mangan et al.,
2010; Mariotte et al., 2018; Kulmatiski, 2019). Thus, our results
suggest that while greenhouse studies are useful for conceptual
model development and predicting plant growth in greenhouse
conditions, ecologists who wish to understand the role of PSFs
for specific plant species in the field should rely on field studies.
While from five studies, our results suggest that the PSF
literature, which is predominantly derived from greenhouse
experiments, overestimates PSF effects and while it may provide
insight into general patterns of interactions that occur in plant
communities in the field, it provides little insight into the specific
PSFs that determine the growth and abundance of specific
plants in natural communities. Our findings are consistent with
results from previous studies (Heinze et al., 2016; Schittko et al.,
2016), and suggest that although greenhouse-measured PSFs are
important for conceptual models, field experiments will likely
be needed to understand the role of PSFs in complex plant
community dynamics in the field.
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